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Abstract: Sweet potato [Ipomoea batatas (L.) Lam.] is one of the top six most important crops in the world in terms of production.
It has the capacity to tolerate marginal growing conditions better than most other crops. In this study, a proline- and glycine-rich
protein encoding gene, IbPGAHRP1, was isolated and characterized from the transcriptome of sweet potato cultivar Xushu 18. Sequence
analyses showed that proline, glycine, alanine, and histidine account for 62.6% of the total amino acid residues. Two proline-rich tandem
repeats, an alanine-rich repeat, a histidine-rich tandem repeat, and five XYPP motifs were present in IbPGAHRP1. Sequence similarity
analysis showed that IbPGAHRP1 shared 41% similarity with GmGPRP4, indicating that IbPGAHRP1 should be a GPRP-like protein
and play an important role in stress resistance. RT-PCR results showed that IbPGAHRP1 was specifically expressed in the sweet potato
flower. In vivo expression of IbPGAHRP1 demonstrated that it enhanced the cold and drought resistance in the yeast recombinant, but
could not trigger the same changes in Escherichia coli. This study revealed that IbPGAHRP1 is a flower-specific gene and should play an
important role in response to abiotic stresses.
Key words: Flower-specific, IbPGAHRP1, sweet potato, abiotic stress

1. Introduction
Sweet potato [Ipomoea batatas L. (Lam.)] is widely grown
around the world due to its high and stable yield, rich
nutrient content, low input requirements, and multiple
uses (Loebenstein, 2009; Padmaja, 2009; Srinivas, 2009).
It has higher biomass production per unit area per unit
time than most other crops (Loebenstein, 2009). It ranks
among the top six most important food crops in terms of
its production and human consumption. More than 105
million metric tons are produced globally each year, 95%
of which are grown in developing countries (data from
CIP, http://cipotato.org/). Moreover, sweet potato can
tolerate marginal growing conditions (e.g., dry spells, poor
soil) (Onogi et al., 2015), which also makes it a widely
grown crop.
Plant growth and development are continuously
influenced by environmental cues, including light, salinity,
water content, and temperature, which may disrupt
homeostasis (He and Amasino, 2005). Appropriate
coordination and integration of these environmental
signals with some endogenous factors ensures the
* These authors contributed equally to this work.
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survival of the species (Hopkins and Hüner, 2009).
Plants have developed three important strategies to
cope with environmental fluctuations, namely stress
avoidance, stress escape, and stress tolerance (Franks,
2011). Flowering time adjustment, leaf shedding, and
seed dormancy are important regulatory mechanisms of
plants for stress escape by completing their life cycle before
the onset of the stress period (Blanvillain et al., 2011). To
cope with environmental stresses, plants usually make
some physical changes such as to protein and cellular
structure organization and osmotic and antioxidant
system adjustment (Valliyodan and Nguyen, 2006; Munns
and Tester, 2008; Janska et al., 2010; Hasanuzzaman et
al., 2013). Proline accumulation has been revealed to be
a common response in plants exposed to abiotic stress
(Trotel et al., 1996; Hare et al., 1998). Once the stress
conditions are alleviated, proline is consumed rapidly
(Trotel-Aziz et al., 2000, 2003). It also plays a crucial role
in osmotic adjustment (Ashraf and Foolad, 2007) and acts
as a buffer in cellular redox potential (Venekamp, 1989;
Hare et al., 1998), as a stabilizer of subcellular structures
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(Schobert and Tschesche, 1978), or as a scavenger of free
radicals (Hong et al., 2000). Many proline-rich proteins
(PRPs) have been characterized as being involved in
stress tolerance (Priyanka et al., 2010; Zhan et al., 2012;
Chen et al., 2014). Together with gly-rich protein (GRPs),
arabinogalactan protein (AGPs), and hyp-rich protein
(HRGPs), PRPs are one of the most important classes
of structural cell wall proteins in plants (Cassab, 1998).
Overexpression of PRPs in plants or yeast usually results
in multiple abiotic stress tolerance (Priyanka et al., 2010;
Chen et al., 2014). However, PRPs in sweet potato remains
largely unrevealed.
In this study, a proline- and glycine-rich protein
encoding gene, IbPGAHRP1, was identified from the
transcriptome of sweet potato cultivar Xushu 18. To
characterize the potential stress resistance of this gene,
its coding sequence was cloned into Escherichia Coli and
Saccharomyces cerevisiae, which were then exposed to
abiotic stresses. Results demonstrated that IbPGAHRP1
enhanced cold and drought resistance in the yeast
recombinant.
2. Materials and methods
2.1. Plant materials
Stem cuts of sweet potato (I. batatas ‘Xushu 18’) were
planted in an experimental field under natural light and
temperature from late May to late October in Chengdu,
Sichuan Province, China. Tissue samples were collected
3 months after planting and were then snap-frozen
immediately in nitrogen and stored at –80 °C until further
processing.
2.2. RNA extraction and sequence cloning
Total RNA was extracted by TRIzol reagent (Invitrogen,
USA) and treated with DNase I (Fermentas, USA)
according to the manufacturer’s instructions. Then the
total RNA was reversely transcribed with Moloney murine
leukemia virus (MMLV) reverse transcriptase (Invitrogen,
USA), using Oligo(dT) as a primer. Cloning primers
were designed according to the assembled contig of the
comprehensive transcriptome of sweet potato (Tao et al.,
2012, 2013) using Primer Premier 5.0 (PREMIER Biosoft
International, USA). Sequence cloning was performed
with the SLIC method (Li and Elledge, 2007, 2012).
Sequence amplification was implemented using KODPlus-Neo (TOYOBO, Japan) with IbPGAF1, IbPGAR1,
IbPGAF2, and Primer R2 as primers. The purified PCR
products were ligated with the pET-32a(+) skeleton by T4
DNA polymerase to construct a recombined vector and
were transformed into Escherichia coli host strain BL21
(DE3). Positive clones were sequenced with an ABI 3730
instrument.

2.3. RNA-Seq based expression analyses
Digital gene expression (DGE) profiling is a nextgeneration sequencing (NGS) technology-based tag
sequencing method for gene expression quantification. In
this study, the 21-bp DGE tags of seven different tissues
were retrieved from the NCBI’s Sequence Read Archive
database (http://www.ncbi.nlm.nih.gov/Traces/sra) (Tao
et al., 2012). By using Bowtie (v2.0.0-beta5) (Langmead et
al., 2009) under default parameters, these 21-bp tags were
aligned to PGAHRP1. The numbers of mapped tags were
counted according to the mapping results. Transcripts
per million (TPM) clean tags (Morrissy et al., 2009) were
calculated and used to quantify the expression level of
PGAHRP1 in different tissue samples. Additionally, 75bp reads of the vegetative transcriptome (Tao et al., 2012)
and 90-bp reads of flower transcriptome (Tao et al., 2013)
were retrieved and aligned to PGAHRP1. The number of
mapped reads was counted and normalized by a reads per
kilobase per million (RPKM) mapped reads algorithm
(Mortazavi et al., 2008).
2.4. Semiquantitative reverse transcription and
polymerase chain reaction (SqRT-PCR)
Equal amounts of total RNA (500 ng of RNA) from each
sample were reversely transcribed by MMLV reverse
transcriptase (Invitrogen, USA), using random hexamers
and Oligo(dT) as primers. Primers used for SqRTPCR were designed by Primer Premier 5.0 (Table 1).
β-ACTIN was used as an internal control to normalize the
concentration of different cDNA samples. SqRT-PCR was
performed by using PrimeSTAR HS (Premix) (TaKaRa,
Japan). Sequence amplification was carried out with 30
cycles of 2 min at 95 °C, 5 s at 98 °C, 10 s at 55 °C, and 15
s at 72 °C.
2.5. In vivo function characterization in E. coli and S.
cerevisiae
E. coli recombinants were first cultured to OD600 = 1.0
within 2 mL of LB medium adding 50 μg/mL ampicillin.
Then each strain was divided into two test tubes, the
same medium as described above was added, and 0.1 mM
isopropyl-β-D-thiogalactopyranoside (IPTG) was added
to one of the two tubes. These two test tubes were marked
as 1 (IbPGAHRP1 + 0.1 mM IPTG) and 2 (IbPGAHRP1
+ 0 mM IPTG). Meanwhile, E. coli hosted an empty
expression vector that served as a negative control marked
as 3 (pET32a(+) + 0.1 mM IPTG), 4 (pET32a(+) + 0
mM IPTG). For salinity resistance assay, four test strains
were streak-cultured on LB medium containing different
concentrations of NaCl (1.0%, 2.5%, and 4.0%). For
cold, heat, and drought resistance assay, test strains were
first exposed to –20 °C or 45 °C or incubated in sorbitol
solution (4 mol/L and 6 mol/L) for 24, 48, 72, 96, and 120
h, and then streak-cultured on LB medium.
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Table 1. Primers used for sequence cloning and expression analyses. Underline means restriction enzyme site or vector sequences.
Primer name

Primer sequences (5’-3’)

Product (bp)

IbPGAF1

5’-GAAAACCTGTACTTCCAGGGTATGGGGATGGGAAAGCCAGA-3’

609

IbPGAR1

5’-GTTTAGAGGCCCCAAGGGGTTATGCTACTTCCAGCGCTTGAAGG-3’

609

IbPGAF2

5’-CCTTCAAGCGCTGGAAGTAGCATAACCCCTTGGGGCCTCTAAAC-3’

5693

Primer R2

5’-ACCCTGGAAGTACAGGTTTTCACCAGAAGAATGATGATGATGATGG-3’

5693

IbPGAF3

5’-CGAATTCGATGGGGATGGGAAAGCCAGA-3’

581

IbPGAR3

5’-ATCCTCGAGCTACTTCCAGCGCTTGAAGG-3’

581

IbPGAF4

5’-CTATCCACCCCCATCATCTTCACA-3’

244

IbPGAR4

5’-TGGTTATCTCTACTTCCAGCGCTTG-3’

244

IBAct F

5’-GGTGTTATGGTTGGGATGG-3’

196

IBAct R

5’-CGGTAAGAAGGACAGGGTG-3’

196

3. Results and discussion
3.1. Cloning and characterization of IbPGAHRP1
Based on the published comprehensive transcriptomes of
sweet potato cultivar Xushu 18 (Tao et al., 2012, 2013), a
new protein-encoding gene was identified. By using the
primer pair of IbPGAF1 and IbPGAR1, the complete
coding sequence of this new gene was amplified from
the cDNA of Xushu 18 with the sequence- and ligationindependent cloning method (SLIC) (Li and Elledge, 2007,
2012) and then resequenced by the Sanger method. The
results showed that this new gene has an open reading
frame of 564 bp, encoding a protein with a polypeptide
of 187 amino acids. The amino acid composition of the
deduced protein is extraordinary (Table 2). Among the 20
kinds of amino acids, proline accounts for 18.7% of the

To study the potential stress resistance in S. cerevisiae,
the coding sequences of IbPGAHRP1 were cloned and
ligated with the S. cerevisiae/E. coli shuttle vector pEXTag (Meyer et al., 2000). The recombined vector was
transformed into S. cerevisiae strain FGY217 (MATa,
pep4∆, ura3-52, lys2∆201; laboratory stock) with a LiAc/
SS-DNA/PEG procedure (Gietz and Schiestl, 2007) and
selected by a Ura-selection plate (2% agar, 0.2% yeast
synthetic drop-out medium without uracil, 0.67% yeast
nitrogen base without amino acids, and 2% glucose).
For functional assays, a single yeast colony hosting
IbPGAHRP1 was first cultivated in liquid YPD medium,
and then the culture was centrifuged to collect the yeast
cells. The following resistance assays were performed as for
E. coli by using YPD solid medium.
Table 2. Sequence composition of IbPGAHRP1.
Amino acid

Abbreviation

Number

Frequency (%)

Amino acid

Abbreviation

Number

Frequency (%)

Pro

P

35

18.7

Met

M

4

2.1

Gly

G

34

18.2

Glu

E

3

1.6

Ala

A

26

13.9

Arg

R

3

1.6

His

H

22

11.8

Thr

T

3

1.6

Tyr

Y

13

7.0

Ile

I

2

1.1

Lys

K

10

5.4

Asn

N

2

1.1

Ser

S

9

4.8

Trp

W

1

0.5

Phe

F

7

3.7

Cys

C

0

0

Leu

L

7

3.7

Asp

D

0

0

Gln

Q

6

3.2

Val

V

0

0
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total amino acid residues, followed by glycine (18.2%),
alanine (13.9%), and histidine (11.8%). These four amino
acid residues account for 62.6% of the total residues,
whereas no cysteine, aspartic acid, or valine residue
existed in the deduced protein. Therefore, we named this
protein ‘sweet potato proline-glycine-alanine-histidine
rich protein 1’ (IbPGAHRP1). Further analysis showed
that some tandem repeats were present in IbPGAHRP1,
including two proline-rich tandem repeats in the central
region, an alanine-rich repeat, and a histidine-rich tandem
repeat in the N terminus (Figure 1). In addition, five XYPP
motifs were present at sites 52, 87, 93, 105, and 110 of
IbPGAHRP1, including two AYPP and three GYPP motifs.
Based on the sequence alignment of AtGPRP and DcGPRP,
Marty et al. (1996) proposed that GPRP usually has a

conserved XYPP-repeat region in the N terminus and a
central hydrophobic domain rich in alanine. Together with
the high composition similarity between IbPGAHRP1 and
some GPRPs, it can be affirmed that IbPGAHRP1 should
be a GPRP-like protein, which was confirmed immediately
by further analyses. Known GPRPs from other plant
species were retrieved from GenBank (http://www.ncbi.
nlm.nih.gov/) and aligned by ClustalW (Thompson et al.,
2002), and then a neighbor-joining tree was constructed
with MEGA 6.0 (Tamura et al., 2013). Results showed that
IbPGAHRP1 can be clustered with some other GPRPs or
GRPs (Figure 2). A sequence similarity search was carried
out against the nonredundant protein sequences database
(NR) by using BLASTP. It was shown that IbPGAHRP1
shared a similarity of 41% with the glycine- and proline-

Figure 1. Nucleotide and deduced protein sequence of IbPGAHRP1. The thin
boxes mean tandem repeat sequences and the thick boxes mean XYPP motif.

Figure 2. Clustering analyses of IbPGAHRP1 with GPRPs from other plants. GPRPs of some other plants were retrieved from GenBank
and aligned by ClustalW (Thompson et al., 2002). Neighbor-joining tree was constructed by MEGA 6.0 (Tamura et al., 2013).
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rich protein 4 of soybean (GmGPRP4), which has
demonstrated an important role in response to drought,
salt, and cold stresses in soybean (Peng et al., 2012). Besides,
more and more evidence shows that XYPP-containing
proteins play important roles in stress responses (Lee et
al., 2005; Dinneny et al., 2008). We therefore deduced that
IbPGAHRP1 should be involved in stress response.
Signal peptide and conserved domain were predicted
using SignalP (http://www.cbs.dtu.dk/services/SignalP/)
and Swiss-Prot (http://us.expasy.org/prosite/), respectively.
It was discovered that no signal peptide or conserved
domain can be found in this protein. Prediction results
of SPLIT 4.0 (http://split.pmfst.hr/split/4/) showed that
there are transmembrane helices located at the site of 131
to 147, indicating that IbPGAHRP1 is probably anchored
to membranes in vivo.
3.2. Spatial expression patterns of IbPGAHRP1
NGS technology provides an efficient and economic
choice to characterize the global expression patterns of
nonmodel organisms without a reference genome (Wang
et al., 2009; Surget-Groba and Montoya-Burgos, 2010;
Tao et al., 2012). DGE is a NGS-based method that has
been widely used for genome-wide expression profile. In
this study, DGE tags of seven different tissue samples were
used to align to IbPGAHRP1 with Bowtie (v2.0.0-beta5)
(Langmead et al., 2009). However, the results showed that
IbPGAHRP1 was not expressed in these tissue samples.
In our previous study, transcriptomes of vegetative tissue
and flowers were constructed (Tao et al., 2012, 2013). The
mapping results indicated that IbPGAHRP1 was flowerspecific. To verify this finding, semiquantitative reverse
transcription and polymerase chain reaction (SqRT-PCR)
was employed using β-ACTIN as an internal control. It was
found that a cDNA fragment can be cloned from a flower
sample but failed in the others (Figure 3). Therefore, it can
be concluded that IbPGAHRP1 is a flower-specific prolineand glycine-rich protein-encoding gene.
3.3. Overexpression and in vivo function of IbPGAHRP1
in E. coli
To investigate whether it can improve stress tolerance
in vitro, IbPGAHRP1 was expressed in E. coli and then
used for stress tolerance analysis. The coding regions of
IbPGAHRP1 were amplified by RT-PCR and cloned into
expression vector pET-32a(+) to construct a recombinant
expression vector. The E. coli host strain BL21 (DE3)
carried the recombinant vector and was induced by 0.1
mM IPTG. The recombinant and negative control strains
(transformed with pET-32a(+)) were exposed to cold
(–20 °C), heat (50 °C), and drought (4 mol/L and 6 mol/L
sorbitol) for 0, 24, 48, 72, 96, and 120 h, and then cultivated
on LB solid medium for 16 h to compare growth status.
For salinity resistance analysis, the recombinant and
control strains were streak-cultured on solid LB medium
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with different concentrations of NaCl (1.0%, 2.5%, or
4.0%). However, no stress tolerance was observed for the
recombinant (Figure 4). Moreover, we detected the stress
tolerance of the IbPGAHRP1 recombinant under 0.5 and
1 mM IPTG cultivation conditions. No obvious difference
was observed between the IbPGAHRP1-expressed strain
and the control strain. Furthermore, these findings were
confirmed in the other E. coli host strain, Rosetta(DE3)
pLysS. The results indicated that overexpression of this
plant protein cannot improve the stress tolerance of E.
coli. Sometimes, heterologous expression of plant protein
in E. coli may result in misfolded or aggregated proteins,
because different translation and posttranslational
regulation systems exist in eukaryotic and prokaryotic cells
(Villaverde and Carrió, 2003; Baneyx and Mujacic, 2004).
Therefore, another efficient expression system should be
used for the function study of IbPGAHRP1.
3.4. Overexpression and in vivo function of IbPGAHRP1
in S. cerevisiae
Coding regions of IbPGAHRP1 were cloned into the
yeast expression vector pEX-tag and transformed into S.
cerevisiae strain FGY217. The IbPGAHRP1 recombinant
and the control strain were exposed to cold (4 °C, 0 °C, and
–20 °C), heat (37 °C, 40 °C, and 45 °C), drought (4 mol/L
and 6 mol/L sorbitol), and salinity stress (1.0%, 2.5%, or
4.0% NaCl) for 0, 24, 72, 120, and 168 h. Growth status
was observed and compared on a solid YPD medium.
In treatment at 45 °C for 24 h, most of the IbPGAHRP1
recombinant and control strains died. Treated for 72 h,
no colony growth was observed in the culture media. In
treatment at 37 °C and 40 °C, results were in agreement
with those of 45 °C (without a difference between the two
strains). In exposure to –20 °C for 24 h, no significant
difference was observed between the IbPGAHRP1expressed strain and the control strain. However,
when treated at –20 °C for 72 h, 120 h, and 168 h, the
recombinant displayed superior growth status to that of
the negative control (Figure 5), which indicated the role of
IbPGAHRP1 in yeast exposed to cold stress. In exposure
to 4 °C and 0 °C, there was a slighter difference between
the recombinant and control, but the recombinant still
displayed a superior growth status. Additionally, the
recombinant and the control strain were snap-frozen in
liquid nitrogen without any cryoprotectant for 0, 24, 72,
120, and 168 h and then cultured on YPD medium (Figure
6). Results showed that after being snap-frozen for 3 days,
control strains were all dead, while many recombinants
survived on YPD medium, which confirmed the cold
tolerance of IbPGAHRP1. This is remarkable and suggests
that this protein can be used as a cryopreservation agent
in the future.
To investigate the drought response of the IbPGAHRP1expressed yeast, 4 mol/L and 6 mol/L sorbitol were used
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Figure 3. Spatial expression pattern of IbPGAHRP1. Semiquantitative reverse
transcription and polymerase chain reaction (SqRT-PCR) was performed by using
β-ACTIN as an internal control. IbPGAHRP1 and the internal gene β-ACTIN
were amplified in one PCR reaction simultaneously. FL: Flowers; YL: young leaves;
ML: mature leaves; ST: stems; FR: fibrous roots; ITR: initial tuberous roots; ETR:
expanding tuberous roots; HTR: harvest tuberous roots.

for drought stress simulation (Figure 5). The IbPGAHRP1expressed yeast and the negative control strain were first
incubated in sorbitol solution and then streak-cultured on
solid YPD medium. Treated with sorbitol for 24 h, a significant
growth difference was observed between the recombinant

and the control. The recombinant grew normally and better
than the control. Treated for 120 h and 168 h, almost all the
control yeast died, whereas most of the recombinant yeast
survived. These results suggested that IbPGAHRP1 can
enhance the drought tolerance of S. cerevisiae.

1153

TAO et al. / Turk J Biol

Figure 4. Sequence cloning and salinity tolerance analysis of IbPGAHRP1 in E. coli. A) PCR amplification of IbPGAHRP1 and
the skeleton of pET-32a(+). B) SDS-PAGE analysis of the expressed product of IbPGAHRP1. C) Salinity tolerance analysis of
E. coli host strain BL21 (DE3) carrying the recombinant vector. 1: PGAHRP1 + 0.1 mM IPTG; 2: PGAHRP1 + 0 mM IPTG;
3: pET32a(+) + 0.1 mM IPTG; 4: pET32a(+) + 0 mM IPTG. 1%, 2.5%, and 4%: concentration of NaCl. 0 mM and 0.1 mM:
concentration of IPTG.
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Figure 5. Cold- and drought-tolerance analysis of IbPGAHRP1 in S. cerevisiae. The IbPGAHRP1 recombinants and the control strain
were exposed to cold (–20 °C) and drought (4 mol/L and 6 mol/L sorbitol) for 0, 24, 72, 120, and 168 h, and then streak-cultured on YPD
medium. 1: control strain, 2: S. cerevisiae recombinant.

Figure 6. Cold-tolerance analysis by freezing yeast strain in liquid nitrogen. The IbPGAHRP1 recombinants and the control strain were
frozen by liquid nitrogen for 0, 24, 72, 120, and 168 h, and then streak-cultured on YPD medium. 0 and 1: control strain, 2: S. cerevisiae
recombinant.

Many proline-rich proteins have been characterized
as involved in stress tolerance. OsPRP3, a flowerspecific proline-rich protein, enhances cell wall integrity
in cold-tolerant plants and confers cold tolerance in
rice (Gothandam et al., 2010). Similar to OsPRP3,
IbPGAHRP1 is also a flower-specific proline-rich protein.
According to the research described above, it can be
deduced that overexpression of IbPGAHRP1 affects cell
wall integrity, which may be the reason why the yeast
recombinant obtained enhanced cold tolerance. Proline
accumulation has been revealed to be a common response
to abiotic stress (Trotel et al., 1996; Hare et al., 1998). In
the study of Gothandam et al. (2010), it was found that
the level of free proline accumulation in transgenic plants
was correlated to OsPRP3 expression. Hence, we presumed
that overexpression of IbPGAHRP1 might result in an
increase of free proline in yeast cells, and then free proline
plays its crucial role in osmotic adjustment (Ashraf and
Foolad, 2007), acts as a buffer in cellular redox potential

(Venekamp, 1989; Hare et al., 1998) and a stabilizer of
subcellular structures (Schobert and Tschesche, 1978), and
confers cold- and drought-tolerance in yeast. However,
the reason why IbPGAHRP1 is specifically expressed in
flowers and whether it will affect the stress tolerance of
sweet potato still needs further investigation.
In conclusion, a new proline- and glycine-rich proteinencoding gene of sweet potato, IbPGAHRP1, was cloned
and characterized. IbPGAHRP1 is specifically expressed in
flowers. Overexpression of this gene improved cold- and
drought-tolerance in S. cerevisiae, which indicated that
IbPGAHRP1 has the potential to enhance stress tolerance
in plants.
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